on osteoclasts and their precursors (Fig. 1) . The investigators' data suggests that PSA may contribute to the high bone resorption seen in prostate cancer by increasing the ratio of RANK ligand (increased by PSA) to osteoprotegerin (decreased 95Â by PSA).
Runx2 is a transcription factor essential for osteoblastic differentiation, which is also expressed by breast and prostate cancer cells. The investigators found that it was increased 25Â by PSA. They also observed that addition to the cells of exogenous, active PSA similarly stimulated Runx2 mRNA. Runx2 is a central transcriptional regulator of the osteoblastic phenotype and also regulates gene expression in cancer cells (9) . Thus, active PSA in the bone microenvironment could enhance tumor growth and osteoblastic responses via increases in Runx2 in both tumor cells and bone cells.
The Wnt pathway stimulates osteoblasts and new bone formation (10) . Wnt signaling involves a large number of secreted Wnt ligands and a signaling receptor complex on target cells, such as osteoblasts. Additionally, there are a variety of secreted antagonists of Wnt, such as the Dkk proteins and secreted frizzled-related proteins (sFRP). Other researchers have reported that prostate cancer cells stimulate osteoblastic metastases by activation of Wnt signaling (11), but Nadiminty et al. found that PSA increased several Wnt pathway antagonists. Wnt inhibitory factor 1 was the most up-regulated gene (31Â), whereas sFRP2 was increased 5Â. Dkk1 inhibits osteoblasts and is increased in multiple myeloma bone disease (12) , whereas we have found that it is decreased in endothelin-mediated osteoblastic responses (13) , consistent with data that Dkk1 decreases osteoblastic responses to prostate cancer cells (11) . The investigators found that h-catenin, the central mediator of canonical Wnt signals to the nucleus, was increased 13Â. A difficulty in interpreting the significance of these results is the complexity of the osteoblast itself. These cells differentiate from mesenchymal precursors along a multi-step pathway that takes about a month in vivo. Later cells in the lineage secrete inhibitors that tonically suppress factors that were active earlier. Osteosarcomas cannot encapsulate all the steps in this complex sequence, therefore, some of the results from the gene arrays may be misleading. The results do point to a role for Wnt signaling in bone metastases, however, that warrants deeper study.
The investigators observed changes in other pathways, including members of the TGFh superfamily: TGFh, its binding protein endoglin, and several BMPs. In early tumorigenesis, TGFh is a tumor suppressor, but advanced cancers lose their growth inhibition and are often stimulated to metastasize by TGFh (14) . Prostate cancer cells and bone cells produce TGFh, therefore, the role of the protein in metastases is particularly complex. It may also contribute to androgen independence (15) . TGFh requires activation from its precursor form, which can be catalyzed by PSA (4, 5) . Thus, PSA may activate TGFh signaling. Bone is an important storage site of TGFh, which is released during bone resorption ( Fig. 1) and could have direct effects on tumor cells (16) . A major target of TGFh is connective tissue growth factor, a potent stimulator of tumor cells, bone cells, and angiogenesis. It is released by stromal cells in response to tumor TGFh and is a potent paracrine stimulator of prostate cancer growth (17) . It is surprising, therefore, that connective tissue growth factor was decreased 27Â by PSA. Another counterintuitive result is the observed depression of the endothelin axis by PSA, which decreased endothelin-1 12Â, whereas increasing the type B clearance receptor 9Â. Endothelin-1 is an established mediator of osteoblastic metastases (18) .
The experiments of Nadiminty et al. focus on mRNAs, which do not necessarily translate into changes in protein. Many genes with possible roles in bone metastases were changed, such as osteopontin, thrombospondin, interleukin-18, and twisted gastrulation homologue-1. These factors need to be validated at the protein level and tested for functional significance in physiologically relevant mouse models. Most studies of bone metastases focus on the final step in the long sequence of events leading from the primary tumor to growth in the bone microenvironment (16, 19) . PSA may contribute to some of the intermediate steps, for example, by increasing invasiveness via Runx2 (20) . More general provisos are that the experimental system is highly artificial. PSA expression in an osteosarcoma cell line may tell us more about osteosarcomas than about prostate cancer. The experiments rely on a single cell line and a single gene array platform, which may miss important gene changes. Nonetheless, Nadiminty et al.'s data certainly spotlight more than enough provocative changes in physiologically significant genes.
What might be done next? The effects of PSA overexpression need to be tested in vivo. The osteosarcoma cells could be implanted in nude mice and studied for growth and metastasis to sites including bone. It would also be possible to study changes in vivo of the identified genes. Does osteoprotegerin decrease or does RANK ligand increase when bone is examined by immunohistochemistry adjacent to tumor cells overexpressing PSA? Is PSA a general regulator of Runx2, and is Runx2 an important mediator of the actions of PSA, at least in prostate cancer cells? These questions could be answered by overexpression and knockdown (with the small interfering RNA) of PSA and Runx2 in prostate cancer cell lines. Mutations interfering with the nuclear import of Runx2 decrease osteolytic bone metastases in animals and invasiveness in vitro in a breast cancer model (21) .
How does the experimental model relate to the clinical situation? In some ways, Nadiminty et al.'s experimental model is a confusing one because the overexpression of PSA has been targeted into an osteosarcoma. In prostate cancer, the PSA is made by the cancer cells and acts on bone cells in the microenvironment of the metastasis. Prostate cancers frequently express genes associated with osteoblasts, however, such as Runx2 and osteocalcin. Leland Chung has referred to this as an ''osteomimetic'' phenotype, suggesting that it may contribute to the propensity of prostate cancer to metastasize to bone (22) . The data of Nadiminty et al. suggests that PSA expression by prostate cancer cells could activate genes such as Runx2 and osteocalcin, thereby driving the osteomimetic phenotype. This could be tested by altering the expression of PSA by prostate cancer cells and assessing changes in bonerelated mRNAs.
What are the molecular mechanisms? How does PSA overexpression change gene expression in the osteosarcoma cells? Activation of the PSA precursor is catalyzed by other proteases (23) and may not occur in osteosarcoma cells. The investigators provide no experimental evidence on this point. Secreted PSA, if active, could cleave other protein factors in the metastatic microenvironment. Alternatively, the PSA precursor could bind to partner molecules, perhaps even translocating into the nucleus, as do other factors active in bone metastases such as parathyroid hormone-related protein, in which they alter gene expression by currently unknown mechanisms. It is even possible that the effects of PSA overexpression are the consequence of the nucleic acid (mRNA or its precursor) and not the protein itself. These possibilities could be tested by either overexpressing proteolytically inactive PSA or coexpressing additional, precursor-activating proteases. In their final figure, the investigators show that added active PSA will increase Runx2 expression, therefore, these more exotic scenarios may not need to be invoked.
If PSA enzymatic activity does directly alter gene expression patterns in the microenvironment of tumors metastatic to bone, then small-molecule inhibitors of the enzyme should dramatically alter the phenotype of prostate bone metastases. Such molecules are being developed. If they decreased or palliated bone metastases in preclinical models, then the clinical development of PSA inhibitors would be indicated (24) . There are four main players in the bone metastasis microenvironment: tumor cells, bone-forming osteoblasts, bone-destroying osteoclasts, and the mineralized bone matrix itself, which is a major storehouse of immobilized growth factors. PSA protease could alter the activities of various bioactive factors produced by the three cell types or released from the matrix (!), such asTGFh or parathyroid hormonerelated protein from tumor cells. PSA could alter the phenotype of the tumor cells and osteoblasts which express it. PSA expression may be altered by factors in the bone microenvironment, such as interleukin-6. Osteoclasts are regulated by the RANK ligand pathway. Osteoblasts express RANK ligand ( ), which binds to the RANK receptor on osteoclasts and precursors ( ), stimulating their differentiation and activation. Osteoblasts also secreted the RANK ligand binding protein, osteoprotegerin (data not shown), which decreases osteoclast formation. PSA may decrease osteoprotegerin.
